Reaction profiles for both enzymes are indistinguishable by 31 P-NMR, indicating that the same reaction is catalysed. Temperature dependence of kcat shows deviation from Arrhenius behaviour at 308 K with the holoenzyme. Interestingly, such deviation is detected only at 313 K with HisGS. Thermal denaturation by CD spectroscopy resulted in Tm's of 312 K and 316 K for HisZ and HisGS, respectively, suggesting that HisZ renders the ATPPRT complex more thermolabile. This is the first characterisation of a psychrophilic ATPPRT.
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Adenosine 5ʹ-triphosphate phosphoribosyltransferase (ATPPRT) (EC 2. 4.2.17) catalyses the reversible Mg 2+ -dependent reaction between adenosine 5ʹ-triphosphate (ATP) and
5-phospho--D-ribosyl-1-pyrophosphate (PRPP) to yield N 1 -(5-phospho--D-ribosyl)-ATP
(PR-ATP) and inorganic pyrophosphate (PPi) (Scheme 1), the first step in histidine biosynthesis. 1 The chemical equilibrium of the reaction strongly favours reactants, 2 and the enzyme is allosterically inhibited by histidine. 1 In addition to being a model for understanding allostery, [2] [3] [4] ATPPRT is of biotechnological interest as a tool for histidine production, provided that histidine feedback inhibition can be overcome. [5] [6] [7] Two forms of ATPPRT, encoded by the hisG gene, are found in nature. Fungi, plants,
and most bacteria possess a long, homo-hexameric protein, HisGL, each subunit consisting of two domains that make up the catalytic core and a C-terminal regulatory domain that mediates feedback inhibition by histidine. 8 Some bacteria and archaea have a short version of the protein, HisGS, which lacks the C-terminal regulatory domain and is insensitive to histidine. In these organisms, a catalytically inactive regulatory protein, HisZ, the product of the hisZ gene, is present. 9 HisZ, which shares a common ancestry with histidyl-tRNA synthetase (HisRS), binds
HisGS to form the hetero-octameric ATPPRT holoenzyme and activates HisGS catalysis. 10, 11 Furthermore, HisZ binds histidine to allosterically inhibit the holoenzyme. 11, 12 While much is known about the mechanism, [13] [14] [15] [16] [17] [18] structure, 4, 8, 19, 20 and regulation [3] [4] [5] [6] [7] 15 of HisGL-type ATPPRT's from several organisms, limited information is available on HisGSHisZ-type ATPPRT's, with the enzymes of only two species, the mesophilic bacterium
Lactococcus lactis (LlATPPRT), 10, 11, 21 and the thermophile Thermotoga maritima (TmATPPRT), 12 being reported. Only recently was it demonstrated, contrary to previous assumption, that L. lactis HisGS (LlHisGS) retains some catalytic activity in the absence of L.
lactis HisZ (LlHisZ). 22 Likewise, while mesophilic and thermophilic ATPPRT's have been characterised, 11, 12 no psychrophilic example has been reported.
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Psychrophilic enzymes have maximum activities at lower temperatures than those of their mesophilic and thermophilic counterparts, and also present higher protein flexibility. [23] [24] [25] [26] Thought to be an adaptation to support catalysis at low temperature, this increased flexibility also results in thermolabile proteins that tend to unfold at relatively mild temperatures. 27, 28 Owing to their peculiar properties, investigations of cold-adapted enzymes have an impact on physical chemistry, 25, 26, 29 biotechnology, 30, 31 and even astrobiology. 32, 33 In the present work, the first characterisation of a psychrophilic ATPPRT is described.
Recombinant HisGS and HisZ from the Siberian permafrost bacterium Psychrobacter arcticus,
which naturally grows at temperatures between 10 and 0 °C, 34 were overexpressed and purified, and X-ray crystallography, steady-state kinetics, and 31 P-nuclear magnetic resonance ( 31 P-NMR) and circular dichroism (CD) spectroscopies were employed to investigate the structural, catalytic, and temperature-dependent properties of P. arcticus ATPPRT (PaATPRT). The initialism PaATPPRT henceforth refers to the holoenzyme consisting of the complex between catalytic and regulatory subunits.
EXPERIMENTAL PROCEDURES
Materials. ATP, PRPP, Glutaraldehyde, deuterium oxide (99.9 atom % deuterium), 4-
imidazole, glycerol, lysozyme, DNAse I, ampicillin, kanamycin, and chloramphenicol were purchased from Sigma-Aldrich. EDTA-free Cømplete protease inhibitor cocktail was from
Roche. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) were purchased from Fisher Scientific.
All other chemicals were purchased from readily available commercial sources, and all chemicals were used without further purification. 
Expression of P. arcticus HisGS (PaHisGS) and P. arcticus HisZ (PaHisZ

Expression of TEVP and Mycobacterium tuberculosis inorganic pyrophosphatase (MtPPase). The expression vector pRK793 harbouring the coding sequence for an N-terminal
His-tagged S219V-TEVP was transformed into E. coli Rosetta(DE3) competent cells (Novagen) and TEVP was expressed as previously published. 35 The expression vector pJexpress411 harbouring the coding sequence for an N-terminal His-tagged MtPPase (a kind gift from Dr Luiz Pedro S. de Carvalho, The Francis Crick Institute) was transformed into E.
coli BL21(DE3) and expressed as previously described.
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Purification of PaHisGS and PaHisZ. Each recombinant protein was purified separately from the other, and all purification procedures were carried out at 4 °C. All chromatographic steps employed an AKTA Start FPLC system (GE Lifesciences). Cells were allowed to thaw on ice for 20 min before being re-suspended in buffer A (50 mM HEPES, 10 mM imidazole, 500 mM NaCl, pH 8.0) containing 0.2 mg mL -1 lysozyme, 0.05 mg mL -1 DNAse I, and half a tablet of EDTA-free Cømplete protease inhibitor cocktail, disrupted in a high pressure cell disruptor (Constant Systems), and centrifuged at 48,000 g for 30 min to remove cell debris.
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The supernatants were filtered through 0.45 m membranes and loaded onto a HisTrap 44 Secondary structures were assigned with STRIDE. 45 Intersubunit interface parameters were calculated with PISA. 46 
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PaATPPRT and PaHisGS activity assays. All assays were performed under initial rate conditions in the forward direction in 100 mM tricine pH 8.5, 15 mM MgCl2, 100 mM KCl, 4 mM DTT, and 10 M MtPPase, at different constant temperatures, unless otherwise stated.
MtPPase irreversibly hydrolyses PPi into two equivalents of inorganic phosphate, overcoming the unfavourable reaction equilibrium. Reaction (500 L) rates were measured in a Shimadzu spectrophotometer by monitoring the increase in absorbance at 290 nm due to formation of PR- Thermal denaturation data were fitted to eq 6. Here, FU is fraction unfolded, T is the temperature in K, Tm is the melting temperature, mT is the slope of the transition region, mU and bU are slope and intercept, respectively, of the unfolded baseline, and mF and bF, those of the folded baseline. sheet with 3 and 4. These -sheets are encircled by five -helices, 1, 2, 3, 7, and 8.
Domain 2 includes a -strand core arranged in a three-stranded parallel -sheet (7-6-8), and a three-stranded antiparallel -sheet (8-5-9). This -strand core is sandwiched between 4 on one side and 5 and 6 on the other. This domain arrangement is similar to those of TmHisGS 12 and LlHisGS, 11 and to the catalytic domains of HisGL. 8, 19 Each pair of PaHisGS makes up a homodimer in which subunits interact in a head-totail arrangement ( Figure 1B ). An interface score of 1 was calculated for this interaction, suggesting that it is responsible for homodimer formation. Scores of 0 indicate no interaction, while scores of 1 indicate that the interaction leads to complex formation. 46 The interface covers approximately 1,200 Å 2 , representing 10.6% of the solvent accessible area. This encompasses thirty-one residues, mostly from 2, 2, 3, 7, and 5. Based on the crystal structure of PRPP-bound LlATPPR, the active site is expected to lie on a crevice between domains 1 and 2. 21 The absence of electron density for ATP along with the absence of PRPP from the crystallisation mixture preclude a precise mapping of the PaATPPRT active-site interactions with substrates. Nevertheless, amino acid sequence alignment with HisGS orthologues using Clustal Omega shows that all PRPP-interacting residues and two ATPinteracting ones are conserved in PaHisGS ( Figure S3 ).
PaHisZ subunits. Each subunit has a large N-terminal domain (NTD), encompassing residues 1 -318, and a small C-terminal domain (CTD), residues 324 -387, connected by a 14 loop ( Figure 1D ). NTD is comprised of a six-stranded antiparallel -sheet, 5-6-11-10-9-7, flanked by two small -strands, 1 and 8, which run parallel to 5 and 7, respectively.
This -sheet seats inside a bowl-like arrangement of nine -helices (1, 4-9, 11, 12) and two 310-helices (10 and 13). Helix 4 connects NTD with a small subdomain consisting of a three-stranded antiparallel -sheet, 2-4, and two small -helices, 2 and 3. The NTD is structurally similar to TmHisZ 12 and LlHisZ. 11 CTD consists of a three-stranded parallel -sheet, 12-14, with 15 antiparallel to 14, and two -helices, 14 and 15. This CTD is absent in TmHisZ  12 and LlHisZ, 11 but present in HisRS. 12 HisZ and HisRS are predicted to have diverged from a common ancestor. 9 PaHisZ appears to have retained that CTD while Cold-adaptations in PaATPPRT. Psychrophilic enzymes are suggested to be more flexible than their mesophilic counterparts as an adaptation to achieve high catalytic rates at low temperature, and this flexibility is purported to be more accentuated in the active site. 23, 27 Conversely, a compelling hypothesis recently proposed that cold-adaptation is achieved by increased flexibility at outer regions of enzymes, at the protein-solvent interface, while the core is significantly more rigid. In molecular dynamics simulations of cold-adapted trypsin, this variation in flexibility was assessed according to the magnitudes of thermal motion factors (Bfactors). 48 The distribution of high and low B-factor regions throughout the catalytic and regulatory subunits in PaATPPRT (Figure 2A ) is more complex. PaHisZ has a relatively "cold" core surrounded by "hot" outer regions ( Figure 2B ). However, the catalytic subunit is dominated by high B-factors with only small portions of intermediate flexibility ( Figure 2C ), even though the outer regions seem to be the "hottest" ones. Interestingly, residues expected to form the PRPP binding site are found in a relatively "hot" region of PaHisGS, while residues expected to interact with ATP are located on a comparatively more rigid region.
PaATPPRT KD values. Enzymatic activity by PaATPPRT is dependent on the concentration of PaHisZ ( Figure 3A) , even though the regulatory subunit has no catalytic activity. This indicates that PaHisZ binds to PaHisGS to form the PaATPPRT holoenzyme, activating PaHisGS catalysis, as expected. 11, 12 Fitting the data to eq 1 provided KD values over a range of temperatures (Table S1 ). The general trend suggests a decrease in affinity between
PaHisZ and PaHisGS as the temperature increases ( Figure 3B ). Nevertheless, the total variation 16 in KD is small, with a minimum value of 4.7  0.8 M at 283 K and a maximum of 9. PaATPPRT, steady-state kinetic constants were determined at several temperatures, and their values are summarized in Table S2 . PaATPPRT followed Michaelis-Menten kinetics for both ATP ( Figure 3C ) and PRPP ( Figure 3D ). Values of kcat are 3-fold smaller and 3-fold larger, respectively, than those reported for LlATPPRT 21 and for the homo-hexameric M. tuberculosis enzyme. 3 PaATPPRT KM for PRPP is 14-fold, 46-fold, 63-fold, and 33-fold higher in comparison with those determined at similar temperatures for mesophilic ATPPRT's from M.
tuberculosis, C. jejuni, S. typhimurium, and L. lactis, respectively. 3, 4, 14, 21 PaATPPRT KM for ATP is 6-fold, 17-fold, and 2-fold, higher in comparison with those determined at similar temperatures for mesophilic ATPPRT's from M. tuberculosis, C. jejuni, and S. typhimurium, respectively. 3, 4, 14 The exception is LlATPPRT KM for ATP, which is 1.5-fold lower than that for PaATPPRT. 21 High KM is a common feature of cold-adapted enzymes.
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PaATPPRT kcat increases with temperature between 283 -303 K ( Figure 3E ), and data fitting to eq 4 resulted in an energy of activation (Ea) of 7.6  0.5 kcal mol -1 . An Ea of 7.9  0.6 kcal mol -1 was obtained by fitting the data to eq 5 in the more traditional Arrhenius plot ( Figure   3F ). However, Arrhenius behaviour is sharply interrupted at 308 K (excluded from the fit) as the kcat decreases to a value similar to that found at 298 K ( Figure 3E ). Decrease in kcat at relatively mild temperatures is characteristic of psychrophilic enzymes, likely a consequence of portions of the protein beginning to unfold 23, 24 (vide infra).
PaHisGS catalysis in the absence of PaHisZ. PaHisGS displays catalytic activity
without activation by PaHisZ (Figure 4 ). Moreover, while 1 mM histidine almost eliminates
PaATPPRT-catalysed reaction, it has no effect on PaHisGS reaction (Figure 4) . The latter observation also eliminates the possibility that enzymatic activity in the absence of PaHisZ might be due to some undetectable amount of contaminating E. coli ATPPRT (EcATPPRT), consisting of HisGL, in PaHisGS preparations, since just 200 M histidine would be enough to inhibit 95% of EcATPPRT. 15 A similar observation of independent catalysis has been recently reported for LlHisGS.
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In order to gather evidence in addition to the increase in UV absorbance at 290 nm 1, 17 that PaHisGS is catalysing the same reaction as PaATPPRT, both reactions were compared by 31 P-NMR spectroscopy ( Figure 5 ). Spectra of both reactions, control, ATP, PRPP, and inorganic phosphate, along with assignment of chemical shifts, are shown in Figure S5 . The spectra of reactions catalysed by PaHisGS ( Figure 5A ) and by PaATPPRT ( Figure 5B ) are essentially identical, and both differ from the control reaction which lacked PaHisGS ( Figure   5C ). The most conspicuous difference, besides the increase in the inorganic phosphate peak at those recently published for LlHisGS, 22 and indicate that the prevailing assumption that HisGS is catalytically inactive in the absence of HisZ 11, 12 should be revised.
Temperature-dependence of PaHisGS kinetics. To explore the effect of temperature on
PaHisGS catalytic rate, steady-state kinetic constants were determined at several temperatures,
and their values are summarized in Table S3 . resulted from fitting the data to eq 5 in the Arrhenius plot ( Figure 6D) . Surprisingly, Arrhenius behaviour is obeyed up to 308 K, with PaHisGS departing from it only at 313 K (excluded from the fit) ( Figure 6C ). This points to PaHisZ rendering PaHisGS catalytic activity more thermolabile since PaATPPRT abandons Arrhenius behaviour by 308 K ( Figure 3F ).
Thermal denaturation of PaHisGS and PaHisZ. To interrogate the possibility that
PaHisZ tertiary structure is more thermolabile than that of PaHisGS, thermal denaturation of both proteins was assessed following their CD signal. Both PaHisGS and PaHisZ yielded CD spectra typical of folded proteins ( Figure 6E ). 49 Thermal denaturation data were fitted to eq 6 (Table S1 ). Hence there is no loss in affinity between the two proteins at 308 K to account for the decrease in PaATPPRT kcat.
Another hypothesis is that PaATPPRT is mostly folded at 308 K, but there is a temperature-induced loosening of the interactions at PaHisGS-PaHisZ interfaces. This would not be enough to cause dissociation of the complex, as reflected by the unchanged KD at 308 K. However, this loosening would be sufficient to interfere with activation of PaHisGS catalytic activity by the regulatory subunit, explaining the reduction in kcat.
Utilising cold-adapted enzymes in biocatalysis reduces costs and emissions as heating is not required. 30 As synthetic biology efforts towards histidine production in microbes depend on maintaining efficient catalysis while eliminating histidine feedback inhibition of ATPPRT, 6 PaHisGS provides an advantageous system to be explored. 
